In this paper, a rule learning-based energy management strategy is proposed to achieve optimal energy consumption economy and prolong the batteries lifetime for a fuel cell hybrid electric vehicle (FCHEV). First, the Pontryagin's minimum principle (PMP) is used to obtain the optimal global solution. Then, K-means algorithm is adopted to simplify the optimal database composed of the optimized data based on PMP and the corresponding driving cycle features. According to the simplification data set, the improved repeated incremental pruning to produce error reduction (RIPPER) algorithm based on rule learning theory is used to learn the rules. Finally, the multiple linear regression algorithms are utilized to fit the data in the rule set. Simulation results validate that the proposed strategy can achieve more than 94% of the PMP strategy in the fuel consumption and also can prolong the batteries lifetime.
Introduction
At present, the fuel cell hybrid electric vehicles (FCHEVs) powered by fuel cells and batteries are becoming the research focus of the automotive industry, and due to having two power sources, the energy management strategy of FVHEVs need to study [1, 2] .
According to application types, the energy management strategies for FCHEVs are mainly divided into offline and online applications. The offline strategy such as dynamic programming (DP) and Pontryagin's minimum principle (PMP) can reach the global optimal optimization if the driving cycles are known in advance. Therefore, these offline strategies are usually used as the benchmark for the real-time energy management strategies [3] [4] [5] [6] . In Ref [7] , multi-dimensional dynamic programming (MDDP) is used to solve the optimal power distribution of FCHEV.
The online energy management strategies don't require the driving cycles in advance, which can output the optimal control sequence in time. In Ref [8] an online energy management strategy based on the optimal hydrogen consumption by PMP is performed. In Ref [9] , a real-time optimal control strategy for FCHEVs based on Markov and PMP is proposed. In Ref [10] a real-time energy management strategy based on reinforcement learning (RL) is applied to obtain the optimal power distribution between the battery and the super capacitor.
Rule learning is one of the machine learnings, which learns the rules from the training set and the rules can be used into the unseen conditions. In Ref [11] the RIPPER algorithm, which can effectively generate a useful rule set is proposed. In Ref [12] , a multiclass classification algorithm based on RIPPER is utilized, which improves the classification effectiveness.
The energy management strategy based on rule learning can solve the problems that exist both the global optimization strategies and traditional rule-based strategies because it is not necessary to know the driving cycle in advance and can update the rule set with the change of driving conditions. To the best of the authors' knowledge, the rule learning is rarely applied to the energy management strategy for FCHEVs, so it thus becomes the main motivation of this study.
The main contribution of this paper are attributed to the following two aspects: 1) an energy management strategy based on rule learning is proposed, which can improve the fuel performance and prolong the batteries lifetime; 2) a hierarchical clustering method is proposed. It can effectively simplify the data set and solve the problem of over fit during the process of learning.
The remainder of the paper is structured as follows. In Section II, the configuration of the FCHEVs is modeled and the mathematical analysis is conducted. In Section III, the optimal energy management strategy based on PMP is introduced. The real-time energy management strategy based on rule learning algorithm is elaborated in Section IV. Simulation validation is carried out in Section V. The main conclusions of this paper is summarized in Section VI.
Characteristics of FCHEV and power source

Vehicle Dynamics Model
The structure of FCHEV is shown in Figure 1 . Fuel cell is the main energy source to provide steady-state power, and lithium-ion battery as the energy source. The power required at the wheel can be calculated as: 
Fuel Cell System Model
In this paper, the static model of a proton exchange membrane (PEM) fuel cell system is taken as the research object, and the relationship between the output net power and efficiency is shown in Figure. 
where LHV means the low calorific value of the fuel cell 120 / MJ Kg .
Lithium-ion battery system model
In this paper, a power lithium-ion battery with a capacity of 5 Ah is selected as the power battery. The current of the battery can be calculated as:
The battery SOC is calculated based on the coulomb counting method,
Optimal control based on PMP for FCHEV
The equation of state for the system is calculated as:
And the SOC constraints are as follows:
The constraints for the fuel cell net power are shown as: 
The objective function is expressed as： 
As the previous research [13] , it can be known when the battery works within a reasonable range, the equivalent power consumption () t is constant.
PMP is utilized to solve the optimal control sequence and the trajectories of state variable of the blended driving cycle consisted by NDDC, HWFET, UDDS, LA92 and WVUSUB.
The fuel cell battery system voltage decline percentage can be expressed as [13]： The relationship between the decay performances of the lithium-ion battery and SOC is expressed as [14] : (12) where indicates the degradation rate, and A is the deterioration coefficient.
Energy Management Strategy based on
Rule Learning
Rule Learning Based Optimal Data Set
In this paper, K-means algorithm is utilized to simplify the optimal data optimized by PMP, and an improved RIPPER algorithm is proposed to learn the rules from the simplified data set. The steps are shown in Figure 3 .
Figure 3 The Algorithm step
According to the improved RIPPER algorithm, 20 rules were learned from the data set, which can cover the most examples, and a default rule was established to fit uncovered samples.
RL-based multiple linear regression model
In this paper, multiple linear regression models are used to fit the rules. The multiple linear regression model is expressed as: 
where X represents sample data covered by the rule. Each row of X represents the attribute value of a sample covered by the rule, and nm indicates that the rule contains m attributes covering n samples.
Simulation and Discussion
In order to validate the effectiveness of the proposed strategy in this paper, the standard driving cycle and the real driving conditions are simulated and analyzed. The constraints are set the same in both strategies for the fairness, and the constraints can be expressed as: 
Standard driving cycle simulation analysis
The standard driving cycles of UDDS, UNIF06 and LA92 are selected to verify the effectiveness of the proposed energy management strategy in this paper. The hydrogen consumption of each driving cycle and the decay rate of the battery are shown in Table I and II, respectively. Obviously, the proposed strategy have an effective results, which indicates this strategy is powerful. 
Real driving conditions simulation analysis
In order to further validate the effectiveness of the proposed strategy, this paper applies the strategy to real driving cycle. The SOC trajectory based on PMP and rule learning are as shown in Figure 4 . 
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'' R R R 9. Until all the data is covered 10. Output R Table III The simulation results From the simulation results, it can be summarized the proposed strategy can be applied into the real driving condition.
Conclusions
This paper proposes an energy management strategy for FCHEVs based on rule learning. The PMP is used to solve the optimal power sequence of fuel cell and the SOC trajectories of lithium-ion battery, which realizes the offline optimization of hydrogen consumption. According to the optimal data set, the rule sets are obtained by the improved RIPPER algorithm, which contains one-dimension, two-dimension and threedimension rules. Finally, the multiple linear regression algorithm is used to fit the data of the each rule. According to the above steps, the proposed strategy is finally applied to the driving cycles. The simulation results validate that the proposed strategy in this paper can effectively improve the fuel performance and prolong the lifetime of both the fuel cell and lithium-ion battery. 
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